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Introduction
During the summer, the European continental shelf is divided into stratified and mixed water masses. Areas of deep water become stratified because the tidal currents in these areas are too weak to disturb the vertical density structure that is generated by the seasonal warming of the sea surface. In areas of shallower water the tidal currents are stronger and are sufficient to mix the water column, thereby preventing stratification. Shallow sea tidal mixing fronts occur at the interface between such mixed and stratified water masses and are represented by strong gradients in the physial properties of the water column (Simpson et al., 1978) . At large spatial and temporal scales, tidal mixing fronts can be considered to be simple, stable structures and their positions can be predicted accurately by consideration of water depth and tidal velocity (Simpson et al., 1978; Simpson, 1981) . However, on a smaller spatiotemporal scale, fronts are dynamic, their position alters as they meander and undergo tidal elastic deformation, and they have a variable structure with the formation of such features as eddies and internal waves (Hill et al., 1993b) .
The western Irish Sea Front (ISF) is a shallow sea tidal mixing front that extends in an arc from the southern tip of the Isle of Man to Dublin Bay, Republic of Ireland (see Fig. 1 ). It forms seasonally in response to the thermal stratification of an area of the western Irish Sea that develops from May to June and decomposes during September (Simpson and Hunter, 1974) . In July, the front is fully formed, with a vertical temperature difference of 5-7 deg C present in the stratified water and a horizontal temperature gradient in the surface water of 1-2 deg C km 1 (Simpson, 1971; Allen et al., 1980) . Recent studies have shown that a dome of cold, dense water is isolated in the western basin by the stratification process and around which a cyclonic circulation rotates in the near surface waters (Hill et al., 1993a) . The ISF forms on the southern and eastern boundaries of the dome, with the cyclonic gyre giving rise to easterly and northerly current flow in the region of the front (Hill et al., 1993a) . Despite being fully formed and resistant to decomposition during the period of July to September, both the structure and position of the front are subject to variation, cyclically in response to the tide and at random as a consequence of wind-induced mixing (Allen et al., 1980) . The aggregation of marine organisms, including birds, at frontal systems is well documented (see Le Fèvre, 1986; Schneider, 1990) . Enhanced primary production (Pingree et al., 1978; Holligan, 1981; Loder and Platt, 1985; Richardson et al., 1986) and physical entraining of planktonic and nektonic organisms by the convergent currents associated with the circulation patterns of a front (Herman et al., 1981; Yoder et al., 1994) provide complementary hypotheses explaining this effect (Le Fèvre, 1986) . The aggregation of organisms at higher trophic levels (Laurs et al., 1977; Schneider, 1993) is likely to be the consequence of a sequence of predator-prey interactions.
The distribution of organisms at the ISF is consistent with the general hypothesis presented above. Beardall et al. (1982) and Savidge (1976) reported a peak in the abundance of phytoplankton at the ISF that appeared to be the result of increased productivity as a consequence of nutrient enrichment. In general, zooplankton abundance at the ISF was found to be highest at the frontal region and in the surface stratified water, but the highest densities of euphausiids, fish eggs, and fish larvae were restricted to the frontal region (Scrope-Howe and Jones, 1985) . Within a few weeks of the present survey Fernandes (1993) also found phytoplankton, zooplankton, and fish to be concentrated at the front, possibly towards the stratified side. Samples separated by 5 km and positioned towards either side of the front suggested that the abundance of larval fish was greatest towards the mixed side (Fernandes, 1993) .
As an interface between water masses the position and structure of a front can be determined by the spatial distribution of temperature and/or salinity as they vary from the characteristic values of one water mass to the other (Schneider, 1990) . In order to establish the presence of a front, the vertical profile of temperature, salinity and/or density must be examined. The presence of the front within the sampled area during the period of this survey was confirmed in an analysis of the distribution of seabirds in relation to small-scale hydrographic features of the front (Durazo et al., unpublished) . In the present study, we investigate the two-dimensional spatial distribution of Manx shearwater (Puffinus puffinus), guillemot (Uria aalge), razorbill (Alca torda), fulmar (Fulmarus glacialis), and kittiwake (Rissa tridactyla) with respect to sea surface temperature and salinity, which are taken as markers of the surface features of the ISF. Restricting the analysis to these hydrographic parameters limits the detail with which the relationship between seabird distribution and frontal structure can be assessed. However, the current approach has the benefit of increasing the number of samples available for analysis and allows a more thorough analysis of the spatial distribution of seabirds at a frontal system than has previously been attempted.
Methods

Data collection
Hydrographic and seabird distribution data were collected from the western Irish Sea aboard the RRS ''Challenger'' from 16 to 18 July 1990. Nineteen crossings of the ISF were made in this 3-day period. The transects, ca. 28 km long and 5 km apart, were aligned perpendicular to the anticipated general orientation of the frontal system, passing from mixed water in the south-east to stratified water in the north-west (Fig. 1) . Sampling effort was not evenly distributed; the number of repeat crossings varied from transect to transect, data collection was restricted to daylight hours and not all crossings resulted in complete sampling of a transect due to essential breaks for the survey personnel. An additional short segment of a sixth transect was sampled on one occasion (Fig. 2) .
Standardized survey techniques for seabirds at sea were used (Tasker et al., 1984; Webb and Durinck, 1992) . All birds seen in a 90 arc from bow to beam were counted and, where possible, identified to species. Birds on, or touching, the sea surface in the 90 arc and within a 300 m wide transect abeam of the ship were recorded as ''in transect''. Flying birds were recorded using ''snapshot'' counts (Webb and Durinck, 1992) . In a snapshot, flying birds are recorded ''in transect'' if they occurred within a quadrat at the time the snapshot count was made. The quadrat was defined as an area 300 m to the beam of the vessel and 300 m ahead of the vessel. Snapshot counts are instantaneous and are timed to occur at the moment the vessel passes from one quadrat into the next.
Surface temperature and surface salinity were recorded continuously during the cruise. The data used in this study were extracted from contour plots of surface temperature and salinity that were produced for each set of transect crossings completed. It was possible to locate individual transect crossings and 10-min periods on a contour plot, thereby allowing the estimation of the variables from synoptically collected data. The variables were estimated for a 10-min period by rounding down to the value of the next lowest temperature or salinity contour. The contours were such that temperature was estimated with a resolution of 0.25 deg C and salinity with a resolution of 0.025. Time was calculated as the number of minutes from the collection of the first sample.
Data preparation
Bird density (birds km 2 ) was calculated for each species for the area surveyed for each 10-min sampling interval by dividing the number of birds in transect during a 10-min period by the area sampled (km 2 ). The spatial co-ordinate (latitude and longitude) of each sample was defined by the halfway point between the start and finish positions of the 10-min period. Similarly, the time accorded to the samples was defined by the halfway point between the start and finish of the 10-min period. This transforms transect segments of 10-min duration and ca. 2.2 km length to point samples with a separation between consecutive point samples of 10 min and ca. 2.2 km. However, as a consequence of the repeat crossings of the transects, some samples are separated by less than 2.2 km.
Prior to analysing the data the geographical co-ordinates of the samples expressed in latitude and longitude were transformed into Cartesian co-ordinates within a defined sample space and expressed in km. The data were also rotated in order to align the anticipated direction of maximum variation, i.e. along transects, with one of the directional axes, thereby capturing the anticipated trends in the distribution of the variables as a function of one directional axis rather than as an interaction of both (see Fig. 2 ). The average bearing between the start and finish positions of the transects was 153 . Therefore, the bearing of the y-axis was set at 153 and the bearing of the x-axis at 63 . The origin of the sample space was defined as the intersect of the x and y axes, which were themselves positioned to intersect the last sample occurring in the 153 direction for the x-axis and the 63 direction for the y-axis. The positions of all samples within the data set taken during the 3-day sampling period are presented in Fig. 2 .
Data analysis
The two-dimensional spatial continuity in bird abundance, sea surface temperature and sea surface salinity was explored by computing variogram surfaces (Isaaks and Srivastava, 1989) . The variogram surface improves on the more usual omni-or uni-directional variograms as it represents the spatial continuity of a variable in all directions simultaneously and is, therefore, the preferred tool for exploring the variation in spatial continuity with respect to direction. In order to calculate the semivariance, the data were transformed (log [density+1]) and paired with reference to a rectangular co-ordinate system with a lag increment along the yaxis of 2 1 km and along the x-axis of 5 2.5 km. The lag increments were approximately equal to the sample separation distances. Semivariance values are plotted against their lag increments and so, for example, the centre of the plots with co-ordinates of delta X=0 km and delta Y=0 km represent the semivariance calculated for samples separated by 0 1 km. In this study, the semivariance values were contoured. Radiating outwards from 0 km lag separation, maximum variation in semivariance and, hence, the variable, occurs in the direction perpendicular to the alignment of the most tightly grouped contours. In computing the variogram surfaces, the maximum separation distance was limited to approximately half the largest distance that separates samples in both the x and y directions. This ensured that the semivariance values were representative of the majority of the samples, and not just pairs of samples at opposite extremes of the sample space, and also prevented semivariance values being based on too few sample pairs.
Generalized additive modelling (GAM) was used to relate seabird abundance to sea surface temperature and salinity, and the spatial and temporal co-ordinates, x, y, and time. In order to enhance the normality of the data, bird abundance was transformed to log(density+1). Graphical examination of the model residuals indicated that a Gaussian error structure with an identity link function provided the most satisfactory choice. Backwards stepwise model selection using the AIC statistic as selection criterion was used (Chambers and Hastie, 1993) . Each explanatory variable was treated as continuous, and four levels of smoothing (spans of 0.25, 0.5, 0.75, and 1.0) were tested in addition to the exclusion of the term. A loess smoothing function was used (Hastie and Tibshirani, 1990) .
As with all model selection criteria for generalized additive models, the AIC statistic is only approximate (Hastie and Tibshirani, 1990) . In addition, the presence of spatial and temporal autocorrelation in the data introduces uncertainty regarding the appropriate degrees of freedom and, consequently, any probability values (Legendre and Fortin, 1989) . Therefore, the model selection process is only a general guide to the importance of terms in determining the variation in bird abundance.
In order to demonstrate the relative importance of the selected terms in explaining the variation in bird abundance, the models containing all selected terms were compared with a series of models from which one term had been excluded and the associated F statistic calculated.
Results
Patterns of spatial distribution and continuity
The spatial distributions of sea surface temperature and salinity were plotted for each day of data collection (Figs 3, 4). On days 2 and 3, the distribution of surface temperature followed a simple pattern, with a temperature gradient running along the y-axis from ca. 13 C at 0 km to 16 C at 10-15 km and then giving way to constant temperature (Fig. 3b, c) . There was little variation in temperature along the x-axis (Fig. 3b, c) . On day 1, however, the temperature distribution was more complex. Maximum temperature occurred along the y-axis at 20-30 km and along the x-axis at 20 km, which combines to give a general increase in temperature from 13 C in the southern corner of the sample space to almost 17 C in the northern corner (Fig. 3a) . The shift in the spatial distribution of the temperature is clearly identified by the changes in spatial continuity demonstrated by the variogram surfaces from day to day (Fig. 3a-c) . Unlike temperature, the spatial distribution of sea surface salinity remained constant throughout the period of data collection. Salinity decreased from a plateau of values in excess of 34.2 in the eastern corner of the sample space to a simple gradient to values around 33.9 to the west. The anistropy is clearly evident in the variogram surfaces for days 1 and 2 (Fig. 4a, b) , which show maximum spatial continuity at approximately 130 to the x-axis, equivalent to an east-west gradient. The apparent shift in the direction of spatial continuity on day 3 is a consequence of the reduction in the extent of sampling along the x-axis on this day (note the shorter x-axis in Fig. 4c) .
Over all days, and in one dimension, the data indicate that Manx shearwater, guillemot, and razorbill distributions were aggregated towards one end of the y-axis, corresponding to the maximum gradient in sea surface temperature and higher salinity values (Fig. 5 ). There were no clear associations between fulmar or kittiwake distributions and the y-axis, temperature or salinity (Fig. 5) . The distribution patterns with respect to the x-axis were variable, with no consistency between species.
Daily patterns of spatial distribution of bird abundance are shown in Figures 6-8. Initial examination of the plots suggests that Manx shearwater, guillemots, and razorbills are aligned with the anticipated orientation of the ISF. The distribution of Manx shearwater shifts from day 1, when the majority of birds were clustered into the southern section of the sample space, to days 2 and 3, when the main orientation of spatial continuity was parallel to the y-axis. The orientation of the Manx shearwater distribution on day 1 is not well represented by the variogram surface because of the restriction of separation distance that was imposed. The variation in guillemot abundance along the y-axis was gradual. surfaces was oriented at ca. 100 to the x-axis. Razorbills demonstrated the most restricted spatial distribution of those species studied, the majority of birds being observed within the first 5 km of the y-axis. The alignment appears to be slightly variable from day to day. However, the small number of samples for which razorbills are present on days 2 and 3 limit the extent to which the variogram surfaces can be interpreted. In general, the data demonstrate that the variation in razorbill abundance was greatest parallel to the y-axis. The spatial distribution of fulmars and kittiwakes differed from the auks and Manx shearwater in that they did not show a general alignment with the y-axis and their distribution was not consistent from day to day (Figs 6d, e; 7d, e; 8d, e).
Determinants of distribution
The results of generalized additive modelling showed that, in the majority of cases, bird abundance was variable, both spatially and temporally (Table 1) . Complementary to the results of exploratory variography, there was strong variation in Manx shearwater, guillemot, and razorbill abundance along the y-axis, while variation along the x-axis and over time was less ( Table 2 ). The fitted functions suggested that Manx shearwater and guillemot abundance decreased linearly along the entire length of the y-axis with maximum abundance occurring at 0 km, while razorbill abundance declined linearly to around 10-15 km along the y-axis. There was no consistency in variation with respect to the x-axis or time between these species. The distribution of Manx shearwaters was related to both sea surface temperature and sea surface salinity (Table 1) . The relationship with temperature appeared to be dominant (Table  2 ) and the fitted function of high abundance at low temperatures reflects the patterns of spatial distribution described above. In contrast to the observed spatial distribution, the fitted relationship implies that the abundance of Manx shearwater was greatest at low salinity. This probably arises because the other variables, notably the y-axis and temperature, account for the general spatial trend in abundance but leave a relatively small amount of unexplained variation that may be related to salinity. Variation in guillemot and razorbill abundance was relatively strongly related to salinity, in addition to the main spatial and temporal variables (Tables 1, 2 ). The predicted relationships were broadly in line with the patterns of spatial distribution, with high abundance being associated with high salinity in each case.
The variation in the abundance of kittiwakes was related to position along the x-axis and changes in time, temperature and salinity (Table 1) . Of these, the only readily interpretable relationship is with salinity, high salinity being associated with high kittiwake abundance. The distribution of fulmars was related solely to position along the x-and y-axes (Table 1) indicating maximum abundance at low values of x and intermediate values of y. Comparison with the observed distribution suggests that some interaction between these terms would further improve the model.
In general, the selected models provided a poor description of the variation in bird abundance. For Manx shearwater, guillemot, and razorbill the residual deviance of the selected models was around 60% of the null deviance, and the models of kittiwake and fulmar distribution were particularly poor with the residual deviances being 79% and 89%, respectively, of the null deviances.
Discussion
The density structure of the ISF is dominated by water temperature with salinity having a minor influence (Allen et al., 1980) . The ranges of recorded sea surface temperature (4 deg C) and salinity (0.375) also indicate the dominant influence of temperature in the structure of the study area. The surface expression of a front results from the outcropping of the pycnocline at the sea surface, which generates a maximum horizontal gradient in the physical parameters associated with the front. In the case of the ISF this is also dominated by temperature (Simpson, 1981) . Analysis of hydrographic data obtained during the present survey demonstrated the presence of the front, and again confirmed the importance of temperature (Durazo et al., unpublished) . Consequently, the spatial distribution of sea surface temperature may be used to describe the location of the surface expression of the ISF throughout the survey period. On days 2 and 3 the sea surface temperature distribution indicated that the front was aligned parallel to the x-axis of the sample space, with the temperature gradient of the surface expression running parallel to the y-axis and being restricted to the southeastern half of the survey area. It is also evident that most transects did not extend into fully mixed water as the smoothed temperature surfaces do not reach a plateau of lower temperatures. On day 1, the orientation of the front appears to have been somewhat different. The data suggest that the surface expression curves from west to north-east, and again the majority of transects do not appear to have crossed into fully mixed water.
In light of the daily variation in the spatial distribution of sea surface temperature, it is worth considering the effect of combining data within each day on the observed sea surface temperature patterns. In presenting the results in this manner, two effects must be considered. First, the time taken to complete one set of transect crossings covering the sample space may lead to temporal variation confounding the two-dimensional spatial distribution. Secondly, repeat crossings of a transect during one day may introduce temporal variation to confound the one dimensional pattern described by the transects involved. Short-term temporal variation in frontal position and structure can arise as a consequence of wind action and the tidal cycle (Allen et al., 1980) . No effect of wind stirring is likely as winds remained light throughout the survey period. Allen et al. (1980) describe changes in the isotherm slope and a shift of about 2 km in the position of the 11 C isotherm during a tidal cycle. The time taken to complete a full set of transect crossings was ca. 8 h and repeat crossings of transects were made up to 10 h apart on day 1, 5 h apart on day 2, and 15 h on day 3. Therefore, data have been combined from wholly different points in the tidal cycle. This suggests some shift in the position of the front and, possibly, the surface expression may have occurred. However, examination of the data collected from the repeat crossing of individual transects indicates that there was little, or no, temporal variation in temperature or salinity during days 2 or 3, despite the fact that the repeat crossings were made at a wide range of points in the tidal cycle. On day 1, although there was no evidence of temporal variation in salinity, temperature varied by as much as 2.25 deg C, suggesting that there was a shift in the position of the surface expression of the front. Re-examining the temperature distribution for this day suggests that the alteration in the position of the front to a position largely as described for day 1 occurred around 0900 h. Before this time, the spatial distribution of surface temperature was similar to that described on subsequent days. However, there was no apparent relationship between the location of the samples and tidal cycle, indicating that the spatial pattern observed was not attributable to a confounding influence of the tidal cycle. The change in position of the front is, however, consistent with what is known of the small scale dynamics of fronts (Hill et al., 1993b) and it is possible that the distribution of sea surface temperature on day 1 is indicative of the formation of a meander in the front (Simpson et al., 1978) .
The relationship between sea surface salinity and the front is not clear. The observed spatial distribution is largely consistent with the expected shift from high salinity water on the mixed side of the front to low surface salinity of the stratified water. However, the spatial continuity in salinity is not consistent with that of temperature, suggesting that its distribution is not directly related to the surface expression of the front.
The general orientation of surface temperature and salinity and the distribution of Manx shearwater, guillemots, and razorbills along the y-axis provides the first indication that these species were responding to the ISF. In each case, the distribution of bird abundance and temperature along the y-axis indicates that the occurrence of aggregations was restricted to the area of maximum horizontal temperature gradient. The twodimensional spatial distribution of Manx shearwaters indicates clearly that they occurred in disproportionately high numbers at the surface expression of the front, where the horizontal temperature gradient was greatest. The species' distribution on days 1 and 2 matched the spatial distribution patterns of sea surface temperature.
In contrast, the analysis of the two-dimensional spatial continuity and general additive modelling suggest that the distributions of guillemots and razorbills were more closely related to sea surface salinity. As there was little variation in salinity at the ISF, sea surface salinity may not be a particularly good indication of frontal position or structure, so speculation on this relationship may not be fruitful.
The spatial distribution of seabirds described above are largely consistent with the observations made by Rees and Jones (1982) , who found Manx shearwater, guillemots, and razorbills at higher abundance in the vicinity of the ISF. In addition, they indicated that kittiwakes may have been concentrated at the front. In the present study, the analysis of the spatial distribution of kittiwakes and fulmars did not demonstrate a clear association of these species with the front. However, the relationship between kittiwake abundance and salinity identified by GAM and a correlation between the distribution of kittiwakes and Manx shearwater (G. S. Begg, unpublished) implies that kittiwakes may have been responding to the front.
Evidence from previous studies strongly suggests that potential prey species occurred in high abundance at the front during the sampling period of this study (Scrope-Howe and Jones, 1985; Fernandes, 1993) . Therefore, the distribution of the birds was probably directly related to the distribution of their prey (Schneider, 1990) , rather than to physical features of the environment. This is consistent with the relatively weak relationship demonstrated between the physical parameters and bird abundance in this (GAMs) and other studies (Schneider, 1990) .
Focusing only on seabird distribution in relation to sea surface temperature and salinity cannot account for the three-dimensional nature of the front and so places limitations on the interpretation of the analyses. The species that appear to be responding to the front are able to feed well below the surface. Manx shearwater, for example, by pursuit-plunging and pursuit-diving (Cramp and Simmons, 1977) , may catch prey at a depth of several metres, while guillemots and razorbills can dive to depths of at least 180 m and 120 m, respectively (Piatt and Nettleship, 1985) . Therefore, it is possible that these species were responding to subsurface frontal features, for which surface temperature and salinity may be poor proxies. However, Manx shearwater foraging behaviour and the strong relationship between their distribution and the surface expression of the front, are consistent with the likely accumulation of prey, possibly by surface convergence (Simpson, 1981) . The clear differences in the distributions of guillemots and razorbills is consistent with resource partitioning between these species. The distribution of razorbills suggests that they favour the interface between isothermal water and the front, and they could be responding to the upwelling that occurs in this area (Simpson, 1981) . In contrast, guillemots occurred in highest numbers at the surface expression of the front, but were also found over the stratified water. This would be consistent with their feeding at the thermocline that extends under the surface stratified water, albeit preferentially in the region where the thermocline outcrops at the surface.
From what is known of the horizontal distribution of potential prey organisms (Scrope-Howe and Jones, 1985; Fernandes, 1993) , it is possible that the spatial partitioning reflects differences in the foraging behaviour and prey preferences of the species. Published data indicate that there is a large degree of overlap in the diet of the seabird species considered here, predominantly being sandeels (Ammodytes spp.) and small clupeids (Galbraith, 1983; Furness and Todd, 1984; Harris and Wanless, 1986; Thompson, 1987; Brooke, 1990; Swennen and Duiven, 1991) . However, other data suggest that flexibility in the diets of these species is sufficient to account for the observed spatial partitioning. For example, observations made at the Clyde front on the west coast of Scotland indicated differential utilization of larval fish by guillemots and razorbills. The latter species formed large flocks feeding on this food source, while guillemots, present in relatively low numbers given their high regional abundance, appeared to exploit larval fish to a much lesser degree (A. Webb, pers. comm.) . Behavioural interactions between the species may also play a role in establishing patterns of spatial distribution at the front (Chilton and Sealy, 1987) . The spatial separation of the Manx shearwater and the auks may be a consequence of the disruption of prey concentrations caused by the feeding behaviour of large rafts of shearwaters (Hoffman et al., 1981) .
This study focused on the distribution of seabirds within a narrow range of spatial and temporal scales. However, there is evidence of multiscale distribution at the ISF. The spatial distributions described, which include feeding and non-feeding individuals, represent patterns formed over a period of one day. The patterns observed are at the upper limit of spatial scales that are identifiable from the spatial distribution of the samples and are of general trends across the sample space. Durazo et al. (unpublished) focused on the relationship between seabirds and the ISF at a smaller spatial and temporal scale, and identified single-and multi-species flocks of short duration, which form in response to circulatory features of the front.
The biological features of the ISF proposed above appear to be well-defined and temporally consistent. Not only does the front appear predictably from year to year, but the distribution of phytoplankton has been similar over a period of years (e.g. Beardall et al., 1982 and Fernandes, 1993) . The distribution of zooplankton is also known to have been similar in (Scrope-Howe and Jones, 1985 , and there is further evidence suggesting that a similar pattern occurred in 1990 (Fernandes, 1993) . Therefore, the front appears to be a seasonally occurring, but reliable, feeding resource for seabirds. It is noteworthy that utilization of the front by the birds appears to be consistent over years and that spatial partitioning also appears to be consistent over time. Distribution patterns that are similar to those observed in the present study were also recorded nine years previously (Rees and Jones, 1982) . The temporal consistency of the results implies a wider significance of the ISF as an important seasonal resource for the seabirds of the region and consequently, as an agent of high seabird species diversity.
